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ABSTRACT Symbiotic nitrogen fixation (SNF) is an energetically expensive process
performed by bacteria during endosymbiotic relationships with plants. The bacteria
require the plant to provide a carbon source for the generation of reductant to
power SNF. While C4-dicarboxylates (succinate, fumarate, and malate) appear to be
the primary, if not sole, carbon source provided to the bacteria, the contribution
of each C4-dicarboxylate is not known. We address this issue using genetic and
systems-level analyses. Expression of a malate-specific transporter (MaeP) in Sinorhi-
zobium meliloti Rm1021 dct mutants unable to transport C4-dicarboxylates resulted
in malate import rates of up to 30% that of the wild type. This was sufficient to sup-
port SNF with Medicago sativa, with acetylene reduction rates of up to 50% those of
plants inoculated with wild-type S. meliloti. Rhizobium leguminosarum bv. viciae 3841
dct mutants unable to transport C4-dicarboxylates but expressing the maeP trans-
porter had strong symbiotic properties, with Pisum sativum plants inoculated with
these strains appearing similar to plants inoculated with wild-type R. leguminosarum.
This was despite malate transport rates by the mutant bacteroids being 10% those
of the wild type. An RNA-sequencing analysis of the combined P. sativum-R. legumi-
nosarum nodule transcriptome was performed to identify systems-level adaptations
in response to the inability of the bacteria to import succinate or fumarate. Few
transcriptional changes, with no obvious pattern, were detected. Overall, these data
illustrated that succinate and fumarate are not essential for SNF and that, at least in
specific symbioses, L-malate is likely the primary C4-dicarboxylate provided to the
bacterium.

IMPORTANCE Symbiotic nitrogen fixation (SNF) is an economically and ecologically
important biological process that allows plants to grow in nitrogen-poor soils with-
out the need to apply nitrogen-based fertilizers. Much research has been dedicated
to this topic to understand this process and to eventually manipulate it for agricul-
tural gains. The work presented in this article provides new insights into the meta-
bolic integration of the plant and bacterial partners. It is shown that malate is the
only carbon source that needs to be available to the bacterium to support SNF and
that, at least in some symbioses, malate, and not other C4-dicarboxylates, is likely
the primary carbon provided to the bacterium. This work extends our knowledge of
the minimal metabolic capabilities the bacterium requires to successfully perform
SNF and may be useful in further studies aiming to optimize this process through
synthetic biology approaches. The work describes an engineering approach to inves-
tigate a metabolic process that occurs between a eukaryotic host and its prokaryotic
endosymbiont.

KEYWORDS Sinorhizobium, cross-kingdom interactions, dicarboxylate,
endosymbionts, malic acid, metabolic engineering, metabolism, nitrogen fixation,
nutrient transport, transcriptome

Received 18 July 2017 Accepted 31 August
2017

Accepted manuscript posted online 15
September 2017

Citation Mitsch MJ, diCenzo GC, Cowie A, Finan
TM. 2018. Succinate transport is not essential for
symbiotic nitrogen fixation by Sinorhizobium
meliloti or Rhizobium leguminosarum. Appl
Environ Microbiol 84:e01561-17. https://doi.org/
10.1128/AEM.01561-17.

Editor Rebecca E. Parales, University of
California, Davis

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Turlough M. Finan,
finan@mcmaster.ca.

PLANT MICROBIOLOGY

crossm

January 2018 Volume 84 Issue 1 e01561-17 aem.asm.org 1Applied and Environmental Microbiology

https://doi.org/10.1128/AEM.01561-17
https://doi.org/10.1128/AEM.01561-17
https://doi.org/10.1128/ASMCopyrightv2
mailto:finan@mcmaster.ca
http://crossmark.crossref.org/dialog/?doi=10.1128/AEM.01561-17&domain=pdf&date_stamp=2017-9-15
http://aem.asm.org


The rhizobia are a group of bacteria capable of fixing atmospheric nitrogen gas to
ammonia in symbiosis with legume plants. Following entry into the plant cells

of the legume nodule, the rhizobia are surrounded by a plant-derived membrane,
called the peribacteroid membrane, and differentiate into nitrogen-fixing bacteroids.
Nitrogen fixation is a highly energetic process that requires 8 e�, 8 H�, and 16 mol of
ATP per mole of N2 reduced to 2(NH4) (1). The evidence is consistent with plant-derived
C4-dicarboxylates (malate, succinate, and fumarate) fulfilling this role (see reference 2
for a review of nodule metabolism). The photosynthate sucrose is diverted to the
nodule, where plant sucrose synthases cleave the sucrose into glucose and fructose
that then enters glycolysis (Fig. 1) (3). Carbon from glycolysis and carbon dioxide is then
funneled into C4-dicarboxylates primarily through the activities of phosphoenolpyru-
vate (PEP) carboxylases, which convert PEP and carbonic acid into oxaloacetate (OAA),
and malate dehydrogenases, which convert OAA into L-malate that can be further
converted into L-fumarate and L-succinate (Fig. 1) (4, 5). Notably, malate dehydrogenase
activity is elevated in nodules compared to in other plant tissues due to the presence
of nodule-enhanced malate dehydrogenases that are expressed specifically in the
nodule and located in the cytoplasm and have higher affinities for OAA and NADH than
other malate dehydrogenases. This appears to favor catalysis of the reaction in the
direction of OAA to malate (5–7). The C4-dicarboxylates must then cross both the
peribacteroid membrane and the bacteroid membrane, where their metabolism is
believed to provide the ATP and reductant requirements needed for nitrogen fixation
by the oxygen-sensitive nitrogenase enzyme (Fig. 1) (8–10).

The C4-dicarboxylate transport system of rhizobia consists of three proteins, namely,
DctA, DctB, and DctD (reviewed in reference 11). DctA is the transport protein, while
DctB and DctD constitute a two-component regulatory system, where DctB is the
histidine kinase and DctD is the response regulator. Although DctA is primarily thought
of as a transporter of C4-dicarboxylate, it can also transport additional substrates,
including aspartate and orotate (12, 13). DctA functions as a symporter, likely trans-
porting two protons per C4-dicarboxylate, meaning the pH difference between the
alkaline bacteroid and acidic peribacteroid space can drive C4-dicarboxylate import
during symbiosis (14, 15). Mutations of dctA, dctB, or dctD result in an ineffective
symbiosis incapable of any nitrogen fixation (9, 10).

Although the evidence for plant-derived C4-dicarboxylates as the main carbon
source available to N2-fixing bacteroids is compelling, it is unclear what the relative
contributions of each C4-dicarboxylate are, i.e., malate, fumarate, and succinate. De-
pending on the plant species, the concentration of malate in the nodule was deter-
mined to be �6- to 9.3-fold higher than that of succinate, and �3.2- to 8.7-fold higher
than that of fumarate (16–18). As the measured metabolite concentrations are an
average from all of the plant tissue, the actual metabolite concentrations in the infected
plant’s cells and the concentrations surrounding bacteroids are uncertain. In a recent
study, the concentration of malate in purified Rhizobium leguminosarum bacteroids was
�55-fold higher than that in free-living R. leguminosarum cells, in comparison to those
of succinate and fumarate, which are 2.5- and 26-fold higher in bacteroids relative to
those in free-living cells, respectively (19). Depending on the study, the Km and Vmax of
succinate and malate transport across the peribacteroid membrane are similar and the
transporter is likely saturated during symbiosis (8, 20). Likewise, there is little difference
in the transport kinetics of malate and succinate by rhizobial DctA proteins, although
the maximal rate of succinate import may be 2-fold higher than that of malate (8, 10,
15, 17, 21). These observations are consistent with malate accumulation in both the
plant and bacterial partners during the symbiosis and indirectly support malate as
the predominate C4-dicarboxylate provided to bacteroids during symbiosis. However,
the relative contribution of each C4-dicarboxylate during symbiosis has not been
experimentally evaluated.

The MaeP protein of Streptococcus gallolyticus (formerly Streptococcus bovis) is
similar to the DctA protein of rhizobia, in that it is a membrane symporter that
cotransports its substrate with protons (22). However, MaeP is a malate-specific trans-
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porter that is unable to recognize succinate or fumarate as substrates (22). Here, we
expressed the maeP gene in dct mutants of Sinorhizobium meliloti 1021 and R. legumi-
nosarum bv. viciae 3841 and examined the symbiotic capabilities of these strains. We
show that, although the rate of malate transport by MaeP is only a fraction of the
malate transport rate of DctA, MaeP was sufficient to support low rates of nitrogen
fixation by S. meliloti with Medicago sativa and nearly wild-type levels of nitrogen
fixation by R. leguminosarum with Pisum sativum. Moreover, integrated plant-bacterium
nodule RNA-sequencing was consistent with the R. leguminosarum-P. sativum symbiosis
being naturally adapted to malate serving as the primary C4-dicarboxylate available to
R. leguminosarum.

RESULTS
Expression of maeP in S. meliloti supports moderate rates of malate transport.

S. meliloti does not contain a maeP gene ortholog, and four constructs were prepared
to express the S. gallolyticus maeP gene in S. meliloti (see Materials and Methods). The
maeP gene was placed under the control of either the S. meliloti dme promoter
(Pdme-maeP) or the S. meliloti dctA promoter (PdctA-maeP) and was either integrated into
the S. meliloti genome in a single copy (�Pdme-maeP and �PdctA-maeP) or expressed
from a medium-copy-number plasmid (Pdme-maeP and PdctA-maeP). Each construct was
transferred to two independent dctA mutants (23) to examine the ability of the four
constructs to facilitate malate transport in S. meliloti.

All strains grew at rates similar to that of the dctA� wild-type strain when provided
with glucose as the sole source of carbon (Table 1). In contrast to the dctA� wild-type
strain, none of the dctA mutant strains, with or without maeP, were capable of growth
when provided with succinate or fumarate as the sole source of carbon (Table 1). In
contrast, all four maeP constructs supported various rates of growth with L-malate as
the sole carbon source (Table 1). These results were consistent with MaeP transporting
L-malate but not succinate or fumarate. The single-copy �Pdme-maeP construct sup-
ported growth with a doubling time approximately twice that of the dctA� strain, while

FIG 1 Nodule carbon metabolism. A schematic representation of the primary nodule carbon metabolic
pathways is shown. Sucrose in the plant cytosol is split into glucose and fructose, which are then
catabolized via glycolysis to phosphoenolpyruvate (PEP). Carbon from PEP and carbonic acid is diverted
to oxaloacetate (OAA) and L-malate via PEP-carboxylase and the nodule-enhanced malate dehydroge-
nase, and then possibly to fumarate, and succinate. These metabolites then cross both the peribacteroid
and bacteroid membranes, which requires DctA, where their metabolism provides the ATP and reductant
required to power the nitrogenase reaction. TCA, tricarboxylic acid.
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increasing the copy number facilitated growth at nearly wild-type levels (Table 1).
Similarly, the doubling time of dctA mutants carrying the �PdctA-maeP construct was
approximately 50% longer than that of the wild type, but growth was similar to the wild
type when the copy number was increased (Table 1).

L-Malate uptake assays revealed that dctA mutant strains carrying �Pdme-maeP
transported L-malate at a rate �8.5% that of the wild-type dctA� strain, and increasing
the Pdme-maeP copy number by expression from the replicative vector resulted in an
increase in the L-malate transport rate to �19.4% that of the wild type (Table 1). Higher
rates of L-malate transport were observed when maeP was expressed from the dctA
promoter; the �PdctA-maeP construct facilitated L-malate transport at a rate �21.1%
that of the wild type, while expression from a replicative vector increased the transport
rate to �31.2% that of the wild type (Table 1). Moreover, whereas succinate inhibited
L-malate transport by DctA, the inclusion of succinate in the transport assays had little
effect on L-malate transport by MaeP expressed from any of the four constructs (Table
1). Together, the growth and transport assays indicated that MaeP was capable of
transporting L-malate, but not succinate or fumarate, when expressed in free-living S.
meliloti.

MaeP supports low rates of N2 fixation by S. meliloti during symbiosis with
alfalfa. To examine whether malate uptake, in the absence of succinate and fumarate
transport, was sufficient to support symbiotic nitrogen fixation by S. meliloti, M. sativa
(alfalfa) plants were inoculated with the various dctA mutants expressing the maeP
malate permease gene. Little nitrogen fixation was observed when maeP was present
as a single-copy genome integrant regardless of the promoter. The acetylene reduction
activities of plants inoculated with these strains were less than 2% of those inoculated
with wild-type S. meliloti (Table 1), and the shoot dry weights were indistinguishable
from those inoculated with the dctA mutants (Table 1). In contrast, moderate rates of
nitrogen fixation were observed when maeP was expressed from the multicopy vector.
Regardless of the promoter, shoot dry weights of plants inoculated with these strains
were �23 to 30% those of plants inoculated with the wild type (Table 1; Fig. 2), while
acetylene reduction activities of the root systems were between �31 and 50% those of
plants inoculated with the wild type (Table 1). These data indicated that succinate and
fumarate transport is nonessential for symbiotic nitrogen fixation with alfalfa and that

TABLE 1 Phenotypic effects of maeP expression in S. meliloti

Genotype

Generation time (h) when grown witha:
Malate uptake (nmol/
min/mg protein)b

Symbiotic assayc

Expt I Expt II

Glucose Succinate Fumarate Malate No competitor
With
succinate SDW (mg)

ARA
(nmol/min)

SDW
(mg)

ARA
(nmol/min)

dctA� 3.4 � 0.1 3.2 � 0.0 2.9 � 0.3 3.0 � 0.0 24.7 � 1.4 2.4 � 0.5 131.8 � 9.5 1,089 � 254 79.2 � 1.8 458 � 67
dctA14 3.6 � 0.3 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 0.1 � 0.1 0.1 � 0.0 10.1 � 0.6 0 � 0 8.7 � 0.3 1.3 � 0.1
dctA26 3.8 � 0.1 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 NDd ND 10.3 � 1.0 0 � 0 9.7 � 1.2 2.1 � 0.6
dctA14 �Pdme-maePe 3.7 � 0.1 0.0 � 0.0 0.0 � 0.0 7.3 � 0.0 2.1 � 0.1 1.6 � 0.3 11.1 � 0.6 8 � 6 ND ND
dctA26 �Pdme-maeP 3.3 � 0.1 0.0 � 0.0 0.0 � 0.0 6.5 � 0.0 ND ND 12.2 � 1.1 4.3 � 0.4 ND ND
dctA14 Pdme-maeP 4.2 � 0.0 0.0 � 0.0 0.0 � 0.0 3.3 � 0.0 4.8 � 0.1 4.8 � 0.0 33.9 � 4.3 416 � 3 ND ND
dctA26 Pdme-maeP 3.9 � 0.0 0.0 � 0.0 0.0 � 0.0 3.1 � 0.0 ND ND 30.5 � 5.5 498 � 18 ND ND
dctA14 �PdctA-maeP 3.8 � 0.0 0.0 � 0.0 0.0 � 0.0 4.2 � 0.0 5.2 � 0.1 5.5 � 0.1 ND ND 10.9 � 0.1 7 � 1
dctA26 �PdctA-maeP 4.0 � 0.0 0.0 � 0.0 0.0 � 0.0 4.4 � 0.0 ND ND ND ND 9.8 � 2.0 5 � 1
dctA14 PdctA-maeP 4.4 � 0.1 0.0 � 0.0 0.0 � 0.0 3.4 � 0.0 7.7 � 0.2 7.3 � 0.2 ND ND 23.6 � 1.6 227 � 79
dctA26 PdctA-maeP 4.3 � 0.0 0.0 � 0.0 0.0 � 0.0 3.2 � 0.0 ND ND ND ND 21.3 � 1.3 143 � 4
Uninoculated 11.0 � 1.0 ND 9.3 � 1.8 ND
aGeneration time when grown with the indicated carbon substrate. Values are means from duplicate samples � ranges.
bRate of malate uptake in the presence of either just 40 �M radiolabeled malate (no competitor) or 40 �M radiolabeled malate plus 800 �M unlabeled succinate.
Values are means from triplicate samples � standard errors.

cResults from two symbiotic assays are presented. In experiment I, alfalfa plants were harvested 38 days postinoculation (dpi) with S. meliloti; for experiment II, plants
were harvested 43 days postinoculation (dpi) with S. meliloti. SDW, shoot dry weight; ARA, acetylene reduction activity. Values are means from triplicate samples �
standard errors.

dND, not determined.
e�, construct was integrated into the genome through single-crossover plasmid integrant. The absence of this symbol indicates that the construct is expressed from a
multicopy replicative pBBR1 vector.
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malate transport at the rates mediated by MaeP was sufficient for at least moderate
rates of nitrogen fixation.

Malate transport supports high rates of N2 fixation in the R. leguminosarum-
pea symbiosis. To examine the ability of MaeP to support nitrogen fixation in other
symbioses, maeP was next introduced into two dct mutants of R. leguminosarum bv.
viciae 3841. Both the Pdme-maeP and PdctA-maeP constructs in the multicopy vector
were introduced into R. leguminosarum dctA::�Sp and ΔdctABD::�Sp mutants (24). In
most cases, maeP facilitated growth of the mutants with L-malate as a sole source of
carbon, but not with succinate or fumarate (Table 2). In fact, the dct mutants expressing
maeP appeared to grow more rapidly with L-malate than did the wild type (Table 2). The
sole exception was the PdctA-maeP constructs in the dctABD mutant, which failed to
grow with L-malate, presumably as no expression from the dctA promoter occurred in
the absence of the DctB and DctD regulatory proteins (23, 25).

P. sativum (pea) cv. Lincoln plants were inoculated with the R. leguminosarum strains
to examine the ability of MaeP to support nitrogen fixation during this symbiosis. The

FIG 2 Alfalfa plants inoculated with S. meliloti. Alfalfa plants were imaged 53 days postinoculation with
S. meliloti. Strains: dctA�, wild-type S. meliloti; dctA, dctA14::Tn5; dctA maeP�, dctA14::Tn5, multicopy
PdctA::maeP.

TABLE 2 Phenotypic effects of maeP expression in R. leguminosarum bv. viciae

Genotype

Generation time (h) when grown witha:
Bacteroid malate uptake
(nmol/min/mg protein)b Symbiotic assayc

Glucose Succinate Fumarate Malate
No
competitor

With
succinate

SDW
(mg)

ARA
(nmol/min)

Expt I
dctA� 9.4 � 0.5 8.8 � 0.0 10.0 � 0.1 9.7 � 0.1 6.56 � 0.39 0.39 � 0.00 576 � 41 1,641 � 465
dctA 9.7 � 0.1 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 0.27 � 0.03 0.00 � 0.00 297 � 9 6 � 5
ΔdctABD 9.8 � 0.1 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 0.27 � 0.00 0.00 � 0.00 320 � 13 0 � 0
dctA Pdme-maeP 11.6 � 0.1 0.0 � 0.0 0.0 � 0.0 5.7 � 0.1 0.56 � 0.04 0.60 � 0.08 485 � 43 726 � 128
ΔdctABD Pdme-maeP 11.2 � 0.1 0.0 � 0.0 0.0 � 0.0 5.5 � 0.1 0.56 � 0.01 0.52 � 0.02 483 � 32 752 � 101
dctA PdctA-maeP 12.0 � 0.4 0.0 � 0.0 0.0 � 0.0 5.5 � 0.1 NDd ND ND ND
ΔdctABD PdctA-maeP 11.1 � 0.3 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 ND ND ND ND
Uninoculated 185 � 35 ND

Expt II
dctA� ND ND ND ND 7.61 � 1.60 0.67 � 0.28 409 � 71 1,081 � 70
dctA ND ND ND ND 0.16 � 0.06 0.12 � 0.0 259 � 8 0 � 0
ΔdctA PdctA-maeP ND ND ND ND 0.75 � 0.06 0.56 � 0.02 422 � 98 1,169 � 273
Uninoculated 280 � 12 ND

aGeneration time when grown with the indicated carbon substrate. Values are means from duplicate samples � ranges.
bBacteroid malate uptake in the presence of 40 �M radiolabeled malate (no competitor) or 40 �M radiolabeled malate plus 800 �M unlabeled succinate. Bacteroids
were isolated from pea root nodules of plants 40 days postinoculation (dpi) with R. leguminosarum. Values are means from triplicate samples � standard errors.

cResults from two symbiotic assays are presented. In experiment I, pea plants were harvested 41 days postinoculation (dpi) with R. leguminosarum; for experiment II,
plants were harvested 42 days postinoculation (dpi) with R. leguminosarum. SDW, pea shoot dry weight; ARA, acetylene reduction activity. Values are means from
triplicate samples � standard errors.

dND, not determined.
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Pdme-maeP construct supported nitrogen fixation at a rate �45% that of a dctA� strain
on the basis of both shoot dry weights and acetylene reduction activities (Table 2).
Strikingly, the expression of maeP from the dctA promoter in a dctA mutant resulted in
a symbiotic performance that was indistinguishable from that of a dctA� strain in terms
of both shoot dry weights and acetylene reduction activities (Table 2). Malate uptake
assays were performed with bacteroids purified from pea nodules to examine the rate
of malate transport by the various strains. Malate uptake by bacteroids containing the
Pdme-maeP construct imported malate at a rate �8.5% that of bacteroids containing the
wild-type dctA gene (Table 2). Surprisingly, the malate uptake rate by bacteroids with
the PdctA-maeP construct was only slightly higher, at �10% that of the wild type (Table
2). However, we cannot rule out that the apparent low rate of transport by the
maeP-expressing strains was a consequence of these mutant bacteroids being more
leaky/compromised or due to increased respiration and conversion of 14C into CO2 by
the mutants. Nevertheless, these data overall supported that malate transport alone
was sufficient for a highly effective R. leguminosarum-pea symbiosis and that succinate
and fumarate transport was dispensable.

For the RNA-sequencing experiment described below, P. sativum cv. Homesteader
plants were used. As before, plants inoculated with the R. leguminosarum dctA mutants
carrying the PdctA-maeP construct appeared dark green and very healthy, although they
were slightly, but noticeably, smaller than plants inoculated with the wild type (Fig. 3A).
Similarly, the effective pink nodules induced by the dctA mutant carrying PdctA-maeP
were on average only slightly smaller than those induced by wild-type cells. The smaller
shoot and nodule sizes were presumably due, in part, to the loss of the PdctA-maeP
plasmid in a portion of the cells, as �10 to 15% of nodules were ineffective and formed
by cells that had lost the plasmid (data not shown). Confocal microscopy of nodule
sections revealed that nodules containing the dctA mutant with the PdctA-maeP con-
struct were structurally similar to those containing wild-type R. leguminosarum, and in
both cases, the nodules were filled with rhizobial cells (Fig. 3H versus J, and K versus M).
This was in contrast to nodules induced by the dctA mutant that displayed signs of
senescence (Fig. 3I and L). However, nodule sections from nodules filled with R.
leguminosarum expressing the maeP malate permease displayed much greater iodine
staining in the nitrogen-fixing zone than sections from nodules filled with the wild type
(Fig. 3D versus B, and G versus E), which was indicative of elevated levels of starch
accumulation. Hence, while MaeP-mediated malate transport appeared largely suffi-
cient for normal nodule development, the increased starch accumulation suggested
the bacteroids of these nodules may have been unable to use all the carbon normally
available to R. leguminosarum bacteroids.

Transcriptomic analysis of pea nodules. Given that P. sativum plants inoculated
with the R. leguminosarum dctA mutant containing the PdctA-maeP construct appeared
quite healthy, a transcriptomic analysis was performed to examine whether there were
any system-level adaptations to accommodate the inability of the bacteroids to import
succinate. Total RNA was isolated from P. sativum nodules formed by either wild-type
R. leguminosarum or the R. leguminosarum dctA mutant containing the PdctA-maeP
construct, and RNA-sequencing was performed on biological triplicates. On average,
�4.5-fold more sequencing reads mapped to the P. sativum transcriptome than to the
R. leguminosarum genes. The ratios were statistically significantly similar between
treatments, 4.2 � 0.3 (standard deviation) for the wild type versus 4.9 � 0.1 for
PdctA-maeP (P value of 0.077 using a two-tailed Student’s t test), indicating that the ratio
of plant to bacterial cells in nodules was not significantly influenced by the inability of
the bacteroids to transport succinate.

Euclidian distance analysis followed by hierarchical clustering analysis indicated that
each set of triplicates clustered together, as expected, regardless of whether all features
were considered at once (Fig. 4) or if the plant and bacterial features were examined
independently (see Fig. S1 in the supplemental material). The high interreplicate
distances relative to the intertreatment distances suggested that, although divergent,
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the differences in the transcriptional patterns of the two sets of nodules were relatively
small (Fig. 4). Only 42 R. leguminosarum genes were differentially expressed more than
2-fold, while only a six-gene operon (RL0979-RL0984), encoding an uncharacterized ABC
transport system showing similarity to polyamine transporters, was differentially ex-
pressed more than 4-fold (see Data Set S1). Additionally, only 20 plant transcripts were
differentially expressed more than 2-fold, while only the P. sativum PsCam020853
transcript, encoding a putative sulfate transporter, was differentially expressed more
than 4-fold (see Data Set S2).

Not much of a pattern was observed in the functional role of the differentially
regulated gene sets; indeed, 18 (43%) of the differentially expressed R. leguminosarum

FIG 3 Symbiotic phenotypes of pea plants inoculated with R. leguminosarum. Pea plants were harvested
25 days postinoculation with R. leguminosarum. (A) Images of the shoots of the pea plants. (B to G)
Images of nodule sections visualized with bright-field microscopy following iodine staining. (H to M)
Confocal microscopy images of nodule sections stained with the nucleic acid binding dye Syto9. Strains:
dctA�, wild-type R. leguminosarum bv. viciae; dctA maeP�, dctA::�Spr, multicopy PdctA::maeP; dctA,
dctA::�Spr.
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genes were annotated with the term hypothetical, while 11 (55%) of the differentially
expressed P. sativum genes were not annotated by Mercator (Data Sets S1 and S2).
Little difference was observed in the expression of plant or bacterial central carbon
metabolic genes (Table 3), and similarly, most bacterial nif and fix genes were changed
very little (Table 3). This analysis revealed that the lack of succinate/fumarate transport
by bacteroids resulted in few transcriptional perturbations, consistent with the nodule
system being naturally well adapted to malate serving as the primary bacteroid carbon
source.

DISCUSSION

We undertook genetic and systems-level approaches to examine the contribution of
malate to symbiotic nitrogen fixation relative to the other C4-dicarboxylates, succinate
and fumarate. By replacing the DctA C4-dicarboxylate transporter of two rhizobia with
the MaeP protein specific for malate, it was possible to specifically examine the ability
of malate to support symbiotic nitrogen fixation. The inability of the MaeP-expressing
strains to transport succinate or use succinate as a sole carbon source, as well as the
inability of these strains to grow with fumarate as a sole carbon source, confirmed that
MaeP was specific to malate transport in both S. meliloti and R. leguminosarum.

MaeP was observed to support nitrogen fixation by S. meliloti during symbiosis with
M. sativa, albeit much less efficiently than the wild-type dctA� S. meliloti (Table 1; Fig.
2). It was therefore concluded that succinate and fumarate transport was dispensable
during this symbiosis so long as malate transport remained. As MaeP also did not
appear to transport L-aspartate (data not shown), these data further confirm that the
symbiotic requirement of DctA is independent of its L-aspartate transport function (12).
However, it remains unclear why only low rates of nitrogen fixation were shown by
the S. meliloti dctA mutant expressing maeP. The rate of malate transport by MaeP
in S. meliloti free-living cells was less than a third of the malate transport rate by
DctA (Table 1); thus, simply increasing the rate of malate transport to the maximal
rate achieved by DctA may be sufficient to restore full symbiotic nitrogen fixation.
Alternatively, fumarate transport and/or succinate transport may be required for
maximal efficiency of this symbiosis. The concentration of malate in M. sativa
nodules is approximately four times the combined concentrations of fumarate plus
succinate (17). The inability to transport these latter compounds may therefore

FIG 4 RNA-sequencing sample distance analysis. RNA-sequencing count tables were statistically ana-
lyzed with DESeq2 (57), and the Euclidean distances were calculated between each sample. Samples
were clustered using hierarchical clustering analysis, and the dendrograms represent the clustering
results. The heatmap illustrates the pairwise distances between the indicated samples, with the colors
indicating the distances as shown in the key in the bottom left; i.e., the more blue the square, the more
similar the samples.
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represent a loss of �20% of the available carbon substrates, a loss that is further
amplified considering that the catabolism of succinate generates more reductant
than does the catabolism of L-malate. This in turn would decrease the amount of
reductant available to power the nitrogenase enzyme. Reduced transport would
also result in reduced flux through the electron transport chain, potentially result-
ing in elevated oxygen concentrations that may decrease the activity of oxygen-
sensitive nitrogenase (26). Further study is required to differentiate between these
possibilities.

The situation was somewhat different in the R. leguminosarum-P. sativum symbiosis,
where MaeP appeared nearly sufficient to functionally replace DctA. Plant shoot dry
weights and acetylene reduction activities of P. sativum inoculated with a dctA maeP�

strain were indistinguishable from those of P. sativum inoculated with the dctA� strain
(Table 2; Fig. 3). This was true despite iodine staining that was suggestive of starch
accumulation and the dctA maeP� bacteroids being incapable of utilizing all available
carbon (Fig. 3), which may have been a consequence of the low rate of malate transport
into bacteroids by MaeP relative to that by DctA (Table 2). A transcriptomics approach
was employed to examine whether any systems-level adaptations at the level of the
transcriptome were required to support nitrogen fixation solely by malate. We pre-
dicted that if the bacteroids received large quantities of succinate or fumarate from the
host, the inability of bacteroids to transport these compounds would have resulted in
metabolic disturbances that would be reflected in the nodule transcriptome. This was
not seen. Few differences were observed in the bacterial or plant transcriptome of
nodules containing R. leguminosarum expressing maeP in place of dctA, and no major
pattern of the changes was detected. However, in the PdctA-maeP strain, there was a
slight increase in expression of fixN3, encoding a cytochrome cbb3 oxidase, whereas
there was a minor decrease in the expression of the fixABCX-nifAB gene cluster, which

TABLE 3 Transcription of select bacterial and plant genes in pea nodules with bacteria expressing maeP versus dctA

Gene or transcript Function

dctA maeP� vs dctA�a

Expression (%) Adjusted P value

R. leguminosarum bv. viciae 3841
sdhB Succinate dehydrogenase subunit 79 1.72E�03
fumC Fumarase 80 6.22E�02
mdh Malate dehydrogenase 80 7.27E�03
icd Isocitrate dehydrogenase 85 2.43E�01
pckA PEP carboxykinase 97 9.46E�01
dme NAD� malic enzyme 87 2.97E�01
pgk Phosphoglycerate kinase 87 5.94E�01
zwf1 Glucose-6-P dehydrogenase 92 8.01E�01
fixA Electron transfer protein 57 1.57E�17
fixO1 Cytochrome oxidase subunit 77 3.05E�03
fixK Transcriptional regulator 121 8.60E�02
fixN3 Cytochrome cbb3 oxidase subunit 155 4.54E�03
nifA Transcriptional activator 66 5.58E�09
nifK Nitrogenase subunit 92 7.31E�01
amtB Ammonium transporter 58 6.94E�05
glnK Nitrogen regulatory protein PII 61 5.54E�03
glnII Glutamine synthetase II 63 1.03E�03

P. sativum cv. Homesteaderb

PsCam006660 Succinate dehydrogenase subunit 96 9.23E�01
PsCam060158 Fumarase 93 8.50E�01
PsCam045782 Malate dehydrogenase 94 8.33E�01
PsCam042881 Isocitrate dehydrogenase 96 9.32E�01
PsCam049188 PEP carboxylase 90 5.93E�01
PsCam044324 Phosphoglycerate kinase 89 4.00E�01
PsCam049115 Glucose-6-P dehydrogenase 107 8.23E�01
PsCam050530 Phosphofructokinase 106 8.29E�01

aExpression values represent the expression level of the genes/transcripts in P. sativum nodules containing the dctA maeP� strain as percentages of the expression of
the genes/transcripts in P. sativum nodules containing the dctA� strain. The adjusted P values for the comparisons are provided as well.

bFor all P. sativum transcripts, the transcript with each annotated function that had the most mapped reads is provided as a representative.
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encodes the NifA transcriptional regulator and the FixABCX electron transport-related
proteins, although these genes remained among the most highly expressed in the
bacteroid (Table 3). Whether these changes are biologically meaningful is unclear, but
they could reflect a change in the redox state due to decreased flux through succinate
dehydrogenase, which produces a FADH2 molecule, and slightly elevated O2 concen-
trations due to less flux through the electron transport chain (26). Alternatively, the
increased expression of the FixN3 cytochrome oxidase subunit may also suggest
enhanced respiration by the maeP-expressing bacteroids, and further research is
needed to evaluate this possibility. If true, this may partially explain the apparent low
L-malate uptake rates, as the increased respiration would result in greater loss of 14C to
CO2, and thus lower scintillation counts. There was also somewhat lower expression of
amtB (ammonium transport), glnK (nitrogen regulatory protein PII), and glnII (glutamine
synthetase II), which are all regulated by the NtrBC system (27, 28), in the PdctA-maeP
strain, potentially suggestive of a disturbance in nitrogen balance (Table 3).

Previous comparative metabolic profiling indicated that relative to free-living cells,
R. leguminosarum bacteroids in P. sativum nodules accumulate malate to a greater
extent than they do succinate or fumarate (19). Although not examined in P. sativum
nodules, the concentration of malate present in all nodule systems tested is much
higher than the concentrations of succinate and fumarate (16–18, 29), including in the
R. leguminosarum symbiotic partner Phaseolus vulgaris (29). Additionally, a Rhizobium
tropici dct mutant with an alternate transporter able to import succinate, but not malate
or fumarate, fixed only low rates of nitrogen in symbiosis with P. vulgaris (30, 31);
however, it was possible that this phenotype was due to the transporter being poorly
expressed or active in the bacteroid. When these previous indirect lines of evidence are
considered together with the plant phenotypes and transcriptomics data presented
here, the evidence is consistent with malate naturally serving as the primary C4-
dicarboxylate provided to the bacteroids, while succinate and fumarate play secondary
roles, at least in the R. leguminosarum-P. sativum symbiosis.

It was somewhat surprising that the symbiotic phenotypes of the S. meliloti and R.
leguminosarum dctA mutants expressing the maeP gene were so different from each
other (Fig. 2 and 3). One possibility is that expression of maeP in S. meliloti had
pleiotropic effects, such as membrane destabilization, that may have impaired the
symbiosis; future work is required to eliminate this possibility. Additionally, high
expression of the non-codon-optimized maeP gene may have resulted in pleiotropic
effects and the relatively low efficiency of malate uptake by MaeP compared to that by
DctaA; however, as the codon usages of S. meliloti and R. leguminosarum are similar,
such effects are expected to be similar in both organisms. A second possibility is that
the difference reflects differences in the functioning of the symbioses. It is not uncom-
mon for mutations of orthologous genes to yield divergent phenotypes, depending on
which symbiosis is examined (32–36), such as with mutations in the phosphoenolpy-
ruvate carboxykinase and malic enzyme genes, whose products are involved in C4-
dicarboxylate metabolism (for example, see references 32 and 37). The different out-
comes of the symbioses studied here may therefore reflect differences in the ratios of
carbon sources provided to the bacteroids and in the overall metabolic integration of
the two symbiotic partners.

It is interesting that rhizobial dct mutants are completely unable to fix any nitrogen,
as observed here (Tables 1 and 2; Fig. 2 and 3) and elsewhere (9, 10). Surely, the rhizobia
must receive at least small amounts of other compounds that can be catalyzed as a
carbon and energy source, such as L-proline and �-aminobutyrate (GABA) (38, 39); yet,
C4-dicarboxylates are absolutely essential for symbiotic nitrogen fixation. We hypothesize
that there is a minimum threshold of energy production that is required to sustain nitrogen
fixation and that below this threshold, nitrogen fixation fails to occur. S. meliloti dctA
mutants carrying the single copy �Pdme-maeP and �PdctA-maeP constructs essentially failed
to fix nitrogen despite mediating low rates of malate transport (Table 1). Similarly, S.
meliloti strains containing DctA proteins with reduced, but not zero, ability to transport
C4-dicarboxylates failed to fix nitrogen in symbiosis with M. sativa (40). Moreover, the
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slightly higher malate transport rate by R. leguminosarum bacteroids with the PdctA-
maeP construct compared to the Pdme-maeP construct was translated into significantly
greater nitrogen fixation (Table 2). Perhaps nitrogen fixation only occurs once the basal
metabolic needs of the bacteroid are fulfilled. Alternatively, it may be that a minimum
flux of electrons through the electron transport chain is required to produce the
low-oxygen environment required for nitrogenase activity. At least in free-living di-
azotrophs, a decrease in the rate of cellular respiration results in elevated oxygen
concentrations and a decrease in nitrogenase activity (26). This could explain why there
is not a linear relationship between C4-dicarboxylate transport and nitrogen fixation.

This work provides direct experimental evidence consistent with malate serving as the
predominate C4-dicarboxylate received from the host during the R. leguminosarum-P.
sativum symbiosis, and it also reinforces the interpretation that the symbiotic pheno-
type of dctA mutants is a consequence of the inability to transport C4-dicarboxylates
instead of some other unidentified consequence of the dctA mutations. In future work,
it will be interesting to replace the DctA transporters of several rhizobia with a variety
of transporters specific to malate and other C4-dicarboxylates to further dissect the
relative contribution of each of the substrates and to examine the variability of
phenotypes between symbioses.

MATERIALS AND METHODS
Bacterial strains, growth conditions, and genetic techniques. The compositions of LB, LB sup-

plemented with MgSO4 and CaCl2 (LBmc), tryptone-yeast extract (TY), and MM9 minimal medium (41),
as well as M9 minimal medium (42) and MOPS (morpholinepropanesulfonic acid) minimal medium (15)
were as described before. LB was used for the growth of Escherichia coli, and was incubated at 37°C. S.
meliloti was grown using LBmc, MM9, or M9 medium at 30°C, while R. leguminosarum was grown using
TY or MOPS medium at 30°C. Carbon sources in minimal medium were included at a final concentration
of 10 mM and included D-glucose, succinate, fumarate, and L-malate. Antibiotic concentrations for S.
meliloti were 200 �g/ml streptomycin, 200 �g/ml neomycin, and 20 �g/ml gentamicin, and the same
concentrations of streptomycin and gentamicin were used for R. leguminosarum. Standard molecular
biology techniques and triparental conjugations were performed as described previously (42, 43). All
strains and plasmids are listed in Table 4.

Cloning of maeP. The malate permease maeP gene of S. gallolyticus was PCR amplified from the
pSK4 vector (22) using the primers 5=-GAA ATA GCA TGC AAA AGA AAT TGC CC-3= and 5=-AGC GGA TAA
CAA TTT CAC ACA GGA-3=. The PCR product was digested with SphI/KpnI and ligated into SphI/KpnI
digested plasmid pTH400, a pUC119 derivative that contained the S. meliloti dme promoter sequence
(44), resulting in plasmid pTH449 that contained the maeP gene expressed from the S. meliloti dme
promoter. The Pdme-maeP fragment was isolated from pTH449 via digestion with HindIII and KpnI, and
was ligated into HindIII/KpnI-digested pUCP30T (45) to produce pTH461, as well as into HindIII/KpnI-
digested pBBR1MCS-5 (46) to produce pTH600.

To express the maeP gene under the control of the S. meliloti dctA promoter, the dctA-dctB intergenic
region was PCR amplified from the plasmid pTH31 (23) using the primers 5=-ATG AGC ATG CTA TCC TCC
AC-3= and 5=-GGA AGC TTG ACC ATG CG-3=. The resulting 250-bp PCR product was digested with HindIII
and SphI and ligated into HindIII/SphI-digested pTH461 (see above), replacing the dme promoter with
the dctA promoter, to yield plasmid pTH647. Plasmid pTH647 was digested with HindIII and KpnI to
release the PdctA-maeP fragment, which was then ligated into HindIII/KpnI-digested pBBR1MCS-5 to
produce pTH648.

Derivatives of pUCP30T function as suicide vectors in S. meliloti, and the transfer of pTH449
(�Pdme-maeP) and pTH647 (�PdctA-maeP) into S. meliloti resulted in the single copy integration of these
genes into the genome via single-crossover recombination at the dme and dctA promoter regions,
respectively. Derivatives of pBBR1MCS-5 are replicative medium-copy-number vectors in S. meliloti and
R. leguminosarum, meaning the transfer of pTH600 (Pdme-maeP) and pTH648 (PdctA-maeP) into these
species resulted in the multicopy expression of these constructs.

Growth curves. Bacterial growth experiments were performed and analyzed essentially as described
previously (41). Overnight cultures grown in LBmc or TY medium were pelleted and washed once with
carbon-free M9 (S. meliloti) or MOPS (R. leguminosarum) medium, and then resuspended in carbon-free
M9 or MOPS medium to an optical density at 600 nm (OD600) of 1 in a 1-cm pathlength. Ten microliters
of each cell suspension and 190 �l of M9 or MOPS medium with the desired carbon source were mixed
in a well of a 96-well microtiter plate, and the plate was incubated at 30°C with shaking in a BioTek
Cytation3 plate reader. The doubling times of S. meliloti cultures were calculated between OD600 values
of 0.1 and 0.3 (not corrected for pathlength), while the doubling times of R. leguminosarum cultures were
calculated between OD600 values of 0.05 and 0.12 (not corrected for pathlength).

Transport assays. Transport assays were performed according to a described method (15). For
assays involving free-living S. meliloti, 50 ml of overnight M9-glucose cultures was pelleted and washed
three times with TAS solution (40 mM MOPS, 20 mM KOH, 4 mM MgSO4, 20 mM NH4CL, 0.2 mM CaCO3,
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0.1 mM NaCl, 1.2 mM K2HPO4, 0.4 mM KH2PO4, pH 7.0), and then resuspended in TAS solution to 20 mg
of cell pellet per ml of TAS solution.

For assays involving R. leguminosarum bacteroids, nodules of P. sativum plants were collected and
ground to a slurry in cold MMS buffer (40 mM MOPS, 20 mM KOH, 2 mM MgSO2, 0.3 M sucrose, pH 7.0)
using a mortar and pestle and kept on ice for the remainder of the procedure. The slurry was filtered
through four layers of cheese cloth and collected in a 15-ml centrifuge tube. The suspension was
centrifuged at 250 � g at 4°C for 10 min, and the supernatant was transferred to a fresh tube and
centrifuged a second time as before. The supernatant was collected and centrifuged at 3,900 � g at 4°C
for 10 min to pellet the bacteroids. The bacteroids were washed three times with 5 ml MMS buffer,
resuspended and centrifuged, and then resuspended to 30 mg/ml in MMS buffer and kept on ice for at
most 3 h prior to performing the transport assays.

Transport assays were performed using radiolabeled L-[U-14C]malic acid (Amersham). A 100-�l aliquot
of bacteroid or cell suspension was mixed with 280 �l MMS buffer and incubated in a 30°C water bath
for 5 min. Assays were initiated by the addition of 20 �l of 0.8 mM L-malate for a final concentration of
40 �M with a specific activity of 55 Ci · mol�1. Samples were removed at the desired time points and
placed on presoaked 0.45-�m-pore-size nitrocellulose membranes (Millipore) in a vacuum manifold,
which were immediately rinsed with 5 to 10 ml of MMS buffer and dried under a heat lamp. All assays
were performed in triplicate, and three time points were analyzed per sample from 1 to 6 min.

In experiments involving inhibitor compounds, 100 �l of cell or bacteroid suspension was added to
260 �l MMS buffer and incubated at 30°C for 5 min. Twenty microliters of 16 mM succinate (final
concentration of 800 �M) was added to each reaction, and the assays were initiated 15 s later by the
addition of 20 �l of 0.8 mM L-malate (final concentration of 40 �M). Assays were continued as described
above.

TABLE 4 Bacterial strains and plasmids

Strain or plasmid Characteristicsa

Reference or
source

Sinorhizobium meliloti strains
Rm1021 Wild-type SU47 str-21; Smr 60
RmF642 Rm1021 dctA14::Tn5; Smr Nmr 23
RmF647 Rm1021 dctA26::Tn5; Smr Nmr 23
RmK298 Rm1021(pBBR1mcs-5); Smr Gmr This study
RmK301 RmF642(pBBR1mcs-5); dctA14::Tn5 pBBR1mcs-5 This study
RmK302 RmF647(pBBR1mcs-5); dctA26::Tn5 pBBR1mcs-5 This study
RmH948 RmF642(pTH461); dctA14::Tn5 �Pdme-maeP This study
RmH949 RmF647(pTH461); dctA26::Tn5 �Pdme-maeP This study
RmK299 RmF642(pTH600); dctA14::Tn5 Pdme-maeP This study
RmK300 RmF647(pTH600); dctA26::Tn5 Pdme-maeP This study
RmK380 RmF642(pTH647); dctA14::Tn5 �PdctA-maeP This study
RmK381 RmF647(pTH647); dctA26::Tn5 �PdctA-maeP This study
RmK376 RmF642(pTH648); dctA14::Tn5 PdctA-maeP This study
RmK377 RmF647(pTH648); dctA26::Tn5 PdctA-maeP This study

Rhizobium leguminosarum bv. viciae strains
3841 Wild type; Smr 61
RU714 3841 ΔdctABD::�Spr 24
RU727 3841 dctA::�Spr 24
RlK367 3841(pBBR1mcs-5); ΔdctABD::�Sp pBBR1mcs-5 This study
RlK368 RU714(pBBR1mcs-5); ΔdctABD::�Sp pBBR1mcs-5 This study
RlK369 RU727(pBBR1mcs-5); dctA::�Sp pBBR1mcs-5 This study
RlK370 RU714(pTH600); ΔdctABD::�Sp Pdme-maeP This study
RlK371 RU727(pTH600); dctA::�Sp Pdme-maeP This study
RlK378 RU714(pTH648); ΔdctABD::�Sp PdctA-maeP This study
RlK379 RU727(pTH648); dctA::�Sp PdctA-maeP This study

Plasmids
pBBR1mcs-5 Replicative vector in the rhizobia; Gmr 46
pUCP30T Suicide vector in the rhizobia; Gmr 45
pSK4 Template for maeP; Ampr 22
pTH31 Source of the dctA promoter; Tcr 23
pTH400 pUC119 derivative with the dme promoter; Ampr 44
pTH449 pTH400 with maeP following the dme promoter; Ampr This study
pTH461 pUCP30T with Pdme-maeP; Gmr This study
pTH600 pBBR1mcs-5 with Pdme-maeP; Gmr This study
pTH647 pUCP30T with PdctA-maeP; Gmr This study
pTH648 pBBR1mcs-5 with PdctA-maeP; Gmr This study

aSm, streptomycin; Sp, spectinomycin; Nm, neomycin; Gm, gentamicin; Tc, tetracycline; Amp, ampicillin. The maeP gene was placed under the control of either the S.
meliloti dme promoter (Pdme-maeP) or the S. meliloti dctA promoter (PdctA-maeP) and was either integrated into the S. meliloti genome in single-copy (�pUCP30T with
Pdme-maeP and �pUCP30T with PdctA-maeP) or expressed from a medium-copy-number pBBR1 plasmid (Pdme-maeP and PdctA-maeP).
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Symbiotic assays. Alfalfa (M. sativa cv. Iroquois) seeds were sterilized, germinated, and planted in
Leonard assemblies (47) as described previously (23). Each S. meliloti strain was inoculated in triplicate
pots containing 10 to 12 seedlings each, and plants were grown in a Conviron growth chamber as
described before (23) for the indicated number of days. Acetylene reduction activity was measured using
three root systems per pot as described elsewhere (23), and the plant shoots were collected and dried
at 50°C to determine shoot dry weights. Twenty-five randomly chosen nodules were crushed in LBmc
plus 300 mM sucrose, and bacteria were isolated by plating on LBmc with streptomycin. Phenotypes of
the nodule isolates were examined by replica plating 30 colonies on M9 medium with succinate, malate,
or glucose as the sole carbon source, and on LBmc medium plus gentamicin.

For most experiments involving pea plants, P. sativum cv. Leonard seeds were used. Seeds were
surface sterilized by treatment with 2.5% hypochlorite for 30 min followed by treatment with 95%
ethanol for 30 min. Seeds were rinsed with sterile distilled water for 2 h and then soaked in water
overnight to hydrate the seeds. Seeds were germinated on 1% water agar plates and germinated for 72
h at room temperature in the dark. Five seedlings were planted per Leonard assembly and inoculated 48
h later with R. leguminosarum as described for S. meliloti (23). Acetylene reduction activity and shoot dry
weights were determined as described above for alfalfa. Twenty-five randomly chosen nodules were
crushed in TY plus 300 mM sucrose medium, bacteria were isolated by plating on TY medium with
streptomycin, and plasmid retention was examined by replica plating 10 colonies on TY medium with
gentamicin.

For microscopy work and RNA isolation, P. sativum cv. Homesteader seeds were used. Seeds were
prepared and planted in Leonard assemblies with 250 ml Jensen’s medium (48) as described elsewhere
(49). Three seedlings were planted per Leonard assembly. Plants were routinely watered with sterile
distilled water and once with 200 ml sterile Jensen’s medium 21 days postinoculation with R. legumi-
nosarum. Nodules were collected 25 days postinoculation with R. leguminosarum.

Microscopy. Nodules were collected, fixed with glutaraldehyde, and sectioned as described previ-
ously (33). Nodule sections were stained with Syto9 and visualized with confocal microscopy as described
elsewhere (33). Iodine staining was performed largely as described before (50). Nodule sections were
cleared with 6% hypochlorite for 20 s, washed with distilled water, stained with 0.1 M potassium iodine
for 20 s, and again washed with distilled water. Sections were visualized under bright-field microscopy
using a Nikon TE2000 inverted microscope.

RNA isolation. Nodules were collected from pea plants 25 days postinoculation with R. legumino-
sarum. Plants were removed from the vermiculite-sand mixture, and nodules were picked from the roots
and immediately flash frozen in liquid nitrogen. Each biological replicate consisted of nodules from the
three plants of a single Leonard assembly, and enough nodules were collected to fill a 2-ml centrifuge
tube to approximately the 500-�l mark. Three biological replicates were prepared per strain, and nodules
were stored at �80°C until use.

For RNA isolation, all nodules per sample were placed in an autoclaved mortar together with 800 �l
of 1% �-mercaptoethanol in nuclease-free water (Bioshop) and immediately crushed using an autoclaved
pestle. Approximately 500 �l of crushed nodule solution was transferred to a 1.5-ml centrifuge tube on
ice and mixed with 500 �l of room temperature hot phenol solution (per 6 ml: 5 ml of hot phenol buffer
[20 mM Tris-HCl pH 7.5, 400 mM NaCl, 40 mM EDTA, 1% SDS, in nuclease-free double-distilled water
{ddH2O}] and 1 ml unbuffered phenol). The mixtures were vigorously vortexed for 20 s and then
immediately incubated in a water bath at 95°C for 1 min. RNA purification from these mixtures was then
performed as described elsewhere (62) with two rounds of DNase I treatment. The quality of the RNA
preparations was determined by gel electrophoresis using MOPS-formaldehyde-agarose gels, and the
absence of genomic DNA was confirmed by PCR using primers that amplified the R. leguminosarum bacA
gene (5=-CGA AAC GAG AGT GCC GTC CCG TGT TTC ATT CCT TCT TCC-3= and 5=-CCG CCT TCT GAT GCC
CGC CGT CAA CCG TCG GCG TGC AC-3=).

RNA sequencing and analysis. Depletion of rRNA, cDNA synthesis, and cDNA sequencing were
performed at the Farncombe Family Digestive Health Research Institute, located at McMaster University.
Depletion of rRNA was performed using Ribo-Zero rRNA removal kits (Illumina) with a 50:50 mix of
bacterial and plant rRNA probes, and efficient rRNA depletion was confirmed using a BioAnalyzer run
(Agilent Genomics). Sequencing was performed using one lane of an Illumina HiSeq with V3 technology
and 50-nucleotide (nt) single-end reads. The absence of adapter sequences in the raw reads, the high
quality at all nucleotide positions of the reads, and the absence of low-quality reads were confirmed with
FastQC (51).

The annotated P. sativum cv. Camphor transcriptome (52) was downloaded, and the high- and
low-copy-number files were concatenated into a single FASTA file. The nucleotide FASTA file of the
coding regions of the GenBank assembly of the R. leguminosarum bv. viciae 3841 genome (53) was also
downloaded. All nucleotide sequences from both organisms were combined into a single contiguous
nucleotide FASTA file, the locations of all features were identified through a BLASTN search (54), and a
corresponding gff file was prepared. In total, 53,171 features were considered: 45,908 P. sativum
transcripts and 7,263 R. leguminosarum coding regions.

Raw sequencing reads were mapped to the combined FASTA file, described above, using Bowtie 2
with default settings (55), a read count summary table was prepared with HTSeq-count using the “-a 0”
option (56), and differential expression was determined using DESeq2 (57). On average, 14.6 million reads
mapped to P. sativum transcripts, 3.3 million reads mapped to R. leguminosarum coding regions, and 6.6
million reads failed to map. The high percentage of reads that were not mapped was presumably due
in part to divergences between the transcriptome of P. sativum cv. Homesteader plants used in this study
and the P. sativum cv. Camphor reference transcriptome.
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The Euclidean distances between samples was determined with the dist(t(assay(rld))) function in R
and were calculated from the log-transformed data obtained with the rlog function in R. Hierarchical
clustering was performed with the hclust function in R. For calculation of the Euclidean distance between
samples considering only the plant transcripts or only the bacterial genes, the count tables from
HTseq-count were first split into two tables representing the plant and bacterial features, DESeq2 analysis
was then performed separately on each set of data, and Euclidean distances were calculated as for the
combined sample.

For functional annotation of the P. sativum transcripts, the peptide sequences that corresponded to
the high- and low-copy-number transcripts were downloaded (52) and annotated using Mercator (58)
and eggNOG-mapper (59). The functional annotation of the R. leguminosarum coding regions was
obtained from the GenBank genome annotation (53).

Accession number(s). The complete set of analyzed data is provided in Data Sets S1, S2, S3 and S4
in the supplemental material, and the raw sequencing reads are available online at the Gene Expression
Omnibus (accession: GSE101430).
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